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each  other.  This  was  corrected  by  Freise^3. 

Grahame^  found  that  anions  are  chemisorbed  with  loss  of  a part 
of  their  hydration  sheath,  while  cations  remain  hydrated  and 
are  attracted  to  the  surface  only  by  electrostatic  forces.  He 
makes  the  distinction  between  the  outer  Helmholtz  plane  that  is 
the  locus  of  nearest  approach  of  the  centers  of  charge  of  the 
cations  and  the  inner  Helmholtz  plane  that  is  the  locus  of  near- 
est approach  of  the  centers  of  charge  of  the  anions.  The  de- 
scription of  the  double  layer  given  by  Gouy  and  Chapman  may  be 
used  from  the  outer  Helmholtz  plane  on.  This  together  with  the 
potential  should  determine  the  distribution  of  charge  and 
potential. 

If  the  capacity  of  an  electrode  is  to  be  used  to  determine  the 
true  surface  area  of  an  electrode,  it  is  necessary  to  know  the 
structure  of  the  electrical  double  layer.  Since  the  capacity 
is  dependent  on  the  kind  of  ions  in  the  layer  near  the  electrode 
and  this  is  determined  by  the  charge  of  the  electrode,  it  is 
necessary  to  make  the  measurements  at  appropriate  potentials. 
There  are  three  points  on  the  differential  capacity  vs.  potential 
curve  which  may  be  used.  The  part  where  there  are  cations  in  the 
layer  next  to  the  electrode  (capacity  about  20  uF/cm.2);  the  part 
where  there  are  anions  in  the  layer  next  to  the  electrode  (capa- 
city about  38  uF/cm.2);  and  the  point  of  zero  charge,  i.e.  the 
electrocapillary  maximum  (capacity  from  3 to  25  uF/cm.2). 

Mercury  is  the  only  metal-solution  interface  that  has  been  ex- 
tensively studied  in  this  regard.  The  relationship  between  the 
differential  capacity  of  the  electrical  double  layer  and  poten- 
tial is  known  for  mercury  for  a large  number  of  solutions,  and 
Grahame^  has  plotted  graphs  of  the  differential  capacity  vs.  po- 
tential for  these  solutions.  These  were  used  as  a guide  to  des- 
cribe the  relationship  of  the  capacity  and  potential  for  other  me- 
tals  assuming  that  there  was  no  specific  adsorption  of  the  ions. 


EXPERIMENTAL 

The  electrical  equivalent  of  an  electrode  immersed  in  a solu- 
tion may  be  approximated  by  a condenser  in  parallel  with  a re- 
sistance. The  nature  of  this  resistance  is  in  doubt  but  we 
will  not  be  concerned  with  its  exact  nature  since  the  resis- 
tance component  of  an  ideal  polarized  electrode  is  infinite,  i.e.. 
there  Is  no  charge  transfer  across  the  solution-electrode  inter- 
face. In  the  case  of  real  polarized  electrodes  the  resistance 
is  not  infinite  but  has  a finite  value.  Real  electrodes  behave 
as  if  their  electrical  analogue  was  a leaky  condenser,  i.e., 
the  parallel  resistance  is  not  infinite. 

Lippman^  determined  the  capacity  of  a mercury  electrode  from 
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its  surface  tension  behavior,  Gouy^  investigated  the  pro- 
perties of  the  electrical  double  layer  intensively  by  this 
method.  He  found  that  the  capacity  of  the  mercury  electrode 
was  20  uF/cm.2  when  cations  were  in  the  Stern  layer  and  39 
pF/ cm.2  when  anions  were  in  the  Stern  layer.  These  values 
are  the  same  as  the  best  results  obtained  to  this  day. 

The  capacity  of  the  electrical  double  layer  may  also  be  mea- 
sured directly.  The  electrode  under  investigation  is  com- 
bined with  a non-polarizable  electrode  to  form  one  arm  of  an 
alternating  current  bridge.  When  the  bridge  is  in  balance 
the  capacity  that  is  recorded  is  that  of  the  test  electrode 
since  the  capacity  of  the  non-polarizable  electrode  may  be 
neglected.  The  electrode  capacity  was  measured  directly  by 
the  bridge  method  by  Wien 7 using  a non-polarizable  electrode. 
Frumkin  used  this  method  with  carefully  purified  solutions  and 
obtained  significant  results.  The  bridge  method  is  very  ac- 
curate, some  investigators  reporting  an  accuracy  of  greater 
than  one  percent .9 

Charging  curves  also  may  be  used  to  determine  the  capacity  of 
an  electrode.  At  constant  current  the  capacity  of  the  elec- 
trode is  numerically  equal  to  the  product  of  (dt/dV)  and  the 
current.  Bowden  and  RideallO  obtained  a value  of  6 pF/cm.^ 
for  the  capacity  of  the  electrical  double  layer  at  a' mercury 
electrode.  Later  measurements  using  carefully  purified  solu- 
tions gave  a value  of  20  \xF/cm.  , in  agreement  with  the  other 
methods.  Recently,  Hickling^2  using  an  oscilloscope  instead 
of  a galvanometer  was  able  to  investigate  rapid  potential 
changes  easily.  In  addition,  he  studied  the  cathodic  and  ano- 
dic charging  curves  simultaneously  as  a stationary  trace  on 
the  oscilloscope. 

Wagner  13  suggested  a modification  of  the  experimental  details 
of  the  last  method  that  utilizes  readily  available,  inexpen- 
sive equipment.  He  backed  out  the  potential  developed  be- 
tween the  test  electrode  and  the  non-polarizable  electrode 
with  a potentiometer.  The  current  needed  to  charge  the  elec- 
trical double  layer  of  the  electrode  to  a potential  0.1  volts 
cathodic  to  this  null  potential  was  measured  with  a ballistic 
galvanometer.  If  the  deflection  for  a square  centimeter  of 
perfectly  smooth  surface  is  known  and  if  the  deflection  for 
a known  capacitance  is  known,  the  surface  area  and  the  capa- 
city of  the  electrode  may  be  obtained. 

Winkler  used  charging  curves  to  measure  the  surface  area 
and  capacity  of  a metal  electrode  in  still  another  way.  As 
a constant  current  is  passed,  the  potential  of  an  electrode 
changes,  the  direction  of  the  charge  depends  on  the  direction 
of  the  current  flow.  As  the  potential  of  the  electrode 
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approaches  the  potential  of  hydrogen  or  oxygen  evolution,  there 
is  a marked  inflection  in  the  slope  of  the  time-potential 
plot.  This  inflection  is  thought  to  be  caused  by  the  forma- 
tion of  a layer  of  hydrogen  or  oxygen  atoms  on  the  electrode 
in  the  ratio  of  one  atom  of  hydrogen  or  oxygen  to  one  sur- 
face atom  on  the  electrode.  If  the  area  of  the  surface  atom 
is  known  and  the  number  of  hydrogen  or  oxygen  atoms  is  known 
from  the  quantity  of  electricity  passed,  the  surface  area  may 
be  found . 

The  measurement  of  the  capacity  of  the  electrical  double  layer 
is  a promising  way  to  study  the  electrical  double  layer  at 
solid  electrodes,  provided  clean,  reproducible  surfaces  are 
obtained.  The  capacity  bridge  method  is  the  most  accurate  but 
is  limited  to  very  small  capacities  and  as  a result,  small 
surface  areas.  The  Bowden  and  Rideall°  method  is  capable  of 
measuring  large  capacities  and  therefore  large  surface  areas. 

It  was  modified  and  combined  with  the  Wagner  methodl3  in  the 
present  work. 

The  schematic  diagram  of  the  circuit  is  given  in  Figure  1. 

The  oscilloscope  is  a Dumont  Model  304-H.  The  input  signal 
was  produced  by  a Model  202-A  function  generator  manufactured 
by  Hewlett-Packard.  A is  the  lead  to  the  test  electrode;  B 
is  the  lead  to  the  large  surface  area  platinized  platinum 
electrode  that  functions  as  the  non-polarizable  electrode; 
and  C is  the  lead  to  the  auxiliary  electrode  that  may  be  used 
to  polarize  the  test  electrode.  R is  a standard  resistor. 

The  contacts  for  the  connections  to  the  oscilloscope  are  shown 
by  1,  2 and  3. 

The  details  of  the  construction  of  the  cell  are  given  in  Fig- 
ure 2,  A is  the  entrance  for  the  test  electrode;  B is  the  lead 
to  the  platinized  platinum  electrode;  C is  the  holder  for  the 
polarizing  electrode,  separated  from  the  cell  by  a greaseless 
ground  glass  stopper;  G is  the  gas  inlet  for  the  gas  bubbler; 
and  0 is  the  outlet  for  the  gas.  The  cell  is  encased  in  as- 
bestos in  which  is  inbedded  a nichrome  wire  heater.  The  heat- 
er is  used  to  boil  the  solution  to  expell  any  dissolved  gases, 
particularly  oxygen. 

The  solution  used  in  all  experiments  was  1 M Na2S0if  prepared 
from  water  whose  conductivity  was  less  than  1.2  x 10~6  mhos. 
Before  pre-electrolysis  the  solution  was  boiled  while  helium 
bubbled  through  vigorously.  It  was  then  pre-electrolyzed  at 
least  20  hours  just  prior  to  use  with  two  platinum  electrodes 
introduced  through  A,  Figure  2,  Helium  was  bubbled  continously 
once  the  solution  had  been  boiled.  The  helium  was  obtained 
from  the  Bureau  of  Mines  and  was  of  high  purity. 

The  test  electrode  was  introduced  through  A and  the  necessary 
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Figure  1 


Block  Diagram  of  the  Circuit 


Figure  2. 


Polarization  Cell 


electrical  connections  made  to  complete  the  circuit  in  Figure 
1.  The  current  from  the  generator  was  adjusted  to  give  a total 
polarization  of  the  test  electrode  on  the  oscilloscope  of  not 
more  than  20  millivolts.  The  current  through  the  cell  was  ad- 
justed by  means  of  the  auxiliary  polarizing  circuit  so  the 
square  wave  current  went  equally  on  both  sides  of  zero.  A 
picture  of  the  polarization  pattern  on  the  oscilloscope  was 
taken  after  allowing  for  equilibration  of  the  electrode  and 
the  solution.  The  current  was  measured  by  taking  a picture 
of  the  potential  drop  across  the  standard  resistor,  R.  The 
oscilloscope  leads  were  connected  to  the  leads  2 and  3 for 
this  measurement.  The  calculation  of  the  capacity  from  the 
measurements  is  given  in  Appendix  I.  The  temperature  of  the 
cell  was  30°  t 1°  C.  in  all  experiments. 

The  surface  areas  of  the  electrodes  were  measured  by  gas  ad- 
sorption using  krypton  as  the  adsorbate.  The  krypton  adsorp- 
tion apparatus  was  specially  constructed  to  measure  small  sur- 
face areas.  Two  millimeter  capillary  tubing  was  used  in  the 
construction,  the  free  volume  was  about  14  cm. 3 and  the  dead 
space  was  about  0.8  cm. 3 Thus  small  changes  in  the  number  of 
free  krypton  molecules  cause  relatively  large  changes  in  pres- 
sure. This  can  be  measured  accurately  with  a specially  cons- 
tructed McLoed  gaugelp.  This  gauge  has  two  tungsten  leads, 
one  in  the  capillary  tube  at  the  top  and  the  other  at  the  bot- 
tom of  the  gauge.  As  the  mercury  in  the  capillary  tube  rises, 
the  height  of  the  meniscus  is  observed  through  a slide  micro- 
meter. At  the  instant  contact  is  made  between  the  mercury 
and  the  top  tungsten  lead  a light  behind  the  capillary  tube 
flashes.  The  height  at  this  point  is  recorded.  The  differ- 
ence between  this  height  and  the  zero  point  value  (the  bottom 
of  the  tungsten  wire)  is  directly  proportional  to  the  pressure, 

A correction  must  be  made  for  adsorption  on  the  walls  of  the 
dead  space  in  all  measurements,  A roughness  factor  of  2 was 
found  for  glass.  It  was  assumed  that  the  roughness  factor  of 
the  glass  did  not  change  in  subsequent  measurements.  Further 
experimental  details  of  the  operation  of  the  krypton  adsorp- 
tion unit  are  given  by  Joncich.1® 

The  platinum  black  electrodes  were  prepared  by  electro-deposi- 
tion on  a platinum  wire  at  high  current  densities  from  a 
chloroplatinic  acid  solution. ±7  The  anode  was  a platinum 
guaze  cylinder.  The  nickel  was  electroplated  on  nickel  wire 
from  a saturated  nickel  ammonium  sulfate  solution. 18  The 
anode  was  a platinum  gauze  cylinder  that  was  separated  from 
the  cathode  by  a porous  cup.  The  chromium  was  deposited  on 
a copper  wire  from  a chromic  acid  plating  bath. 19  The  anode 
was  a large  lead  cylinder.  The  deposits  ranged  from  several 
mills  to  almost  a millimeter  in  thickness,  and  were  very  . 
porous.  It  is  necessary  to  have  a thick  deposit  to  eliminate 
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the  effect  of  the  underlying  metal.20  The  copper  electrodes 
were  of  wire  obtained  from  Malin  and  Company  of  Cleveland, 

Ohio.  The  iron  electrodes  were  obtained  from  A.  D.  MacKay 
and  Company,  New  York.  The  aluminum  electrodes  were  of  wire 
obtained  from  Aluminum  Company  of  America,  Massena,  New  York. 

The  platinum,  nickel,  and  chromium  electrodes  were  washed  with 
1 M Na2S04  solution  and  immediately  placed  in  the  cell  where 
the  capacity  was  measured.  The  tantalum  electrodes  were  washed 
with  benzene  and  dried  before  the  capacity  was  measured.  The 
copper  electrodes  were  washed  with  benzene,  dilute  sulfuric 
acid  and  1 M Na2S04  solution  before  measurement  of  the  capacity „ 
The  iron,  lead  and  aluminum  were  washed  in  benzens,  cathodi- 
cally  cleaned  in  20  percent  sulfuric  acid,  washed  with  1 M 
Na2S04,  and  introduced  into  the  cell.  Aluminum  electrodes  were 
also  measured  after  washing  in  benzene  and  drying. 

The  electrodes  were  cleaned  to  remove  any  grease  that  was  pre- 
sent on  the  surface.  A layer  of  picein  or  heptyl  alcohol  will 
lower'  the  capacity  of  a mercury  electrode  by  40  percent1*. 

Some  of  the  electrodes  were  washed  in  sulfuric  acid  to  remove 
any  oxide  that  might  have  been  present  on  the  surface.  The 
oxide  affects  the  structure  and  the  capacity  of  the  electri- 
cal double  layer  by  forming  a layer  between  the  electrode  and 
the  solution.  In  the  absence  of  a reaction  of  the  oxide  its 
effect  is  to  increase  the  distance  between  the  plates  of  the 
condenser  of  the  electrical  double  layer  and  thereby  lower 
the  capacity. 


Discussion  and  Results 

The  following  relationship  between  the  electrocapillary  maxi- 
mum of  a metal  and  its  work  function  proposed  by  Frumkin  in 
193021  was  used  here.  At  the  electrocapillary  maximum  the 
potential  drop  across  the  solution  side  of  the  interface  is 
zero  in  the  absence  of  adsorbed  species  on  the  surface  of  the 
electrode.  Such  an  electrode  is  called  a null  electrode.  If 
a cell  is  made  up  of  two  null  electrodes,  it  is  evident  that 
the  potential  difference  between  these  two  electrodes  will  be 
the  junction  potential  difference  between  the  metals.  This 
junction  potential  is  equal  to  the  contact  potential  between 
the  two  metals,  which  is  equal  to  the  difference  inthe  wtsrkfunc- 
tion  and  of  Volta  potentials  of  the  metals.  The  difference 
between  the  electrocapillary  maximum  of  a given  metal  and  that 
of  mercury  has  been  found  to  be  approximately  equal  to  the 
difference  in  work  functions  for  silve^S^  lead,  telurium, 
and  cadmium2 3 and  platinum21*. 

If  the  potential  of  the  electrocapillary  maximum  is  known  for 
a metal,  it  is  possible  to  predict  whether  anions  or  cations 
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will  populate  the  Stern  layer.  The  kind  of  ions  present  in  the 
Stern  layer  to  a large  extent  determines  the  capacity  of  the 
electrode.  At  potentials  more  negative  than  the  electrocapil- 
lary maximum,  cations  are  predominent  in  the  Stern  layer, 
while  at  potentials  more  positive  than  the  electrocapillary 
maximum,  anions  predominate  in  the  Stern  layer. 

Unfortunately,  the  literature  values  of  the  work  function  vary 
widely,  so  the  accurate  prediction  of  the  position  of  the  elec- 
trocapillary maximum  is  impossible.  However,  the  general  re- 
lationship of  the  work  function  and  the  electrocapillary  maxi- 
mum is  very  useful.  The  most  recent  summary  of  this  relation- 
ship is  given  by  Delahay2°. 

A table  of  the  work  functions  and  the  electrocapillary  maxi- 
mums  are  given  in  Table  I for  all  of  the  metals  in  the  present 
work.  The  electrocapillary  maximum  is  calculated  using  the 
value  of  mercury  as  a standard.  The  work  to  move  an  electron 
from  one  metal  to  the  other  is  the  difference  in  the  work 
functions  of  the  metals.  If  the  work  functions  are  expressed 
in  electron  volts,  then  the  difference  of  these  two  values  will 
be  the  same  as  the  contact  potential  difference  in  volts.  In 
other  words,  if  one  electron  volt  is  required  to  move  an  elec- 
tron from  one  metal  to  another,  this  corresponds  to  a one  volt 
potential  drop  between  the  metals. 

The  surface  area  of  the  electrode  used  in  the  polarization 
studies  was  measured  by  gas  adsorption  wherever  possible. 
However,  in  some  cases  the  measurement  was  made  on  a long  length 
of  wire  and  the  surface  area  of  the  actual  electrode  was  cal- 
culated from  the  ratio  of  lengths.  The  method  of  measurement 
of  the  surface  area  is  noted  in  the  tables  of  results.  The 
polarization  measurements  were  carried  out  using  2 ctP.s.  cur- 
rent function  except  where  noted.  All  potentials  In  this  work 
are  relative  to  the  normal  hydrogen  electrode. 
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TABLE  I 


CALCULATED  ELECTROCAPILLABY  MAXIMUM 


Metal 

Work  Function  in 
Electron  Volts 

Electrocapillary 

Maximum,  Calculated 

Mercury 

4.5  (25) 

-0.21 

Platinum 

6.3  (25) 

+1.6 

Nickel 

4.6  (26) 

-0.11 

i 

Chromium 

4.0  (25) 

-0.71  j 

Iron 

4.40(26) 

-0.31  ! 

Tantalum 

4.2  (26) 

-0.51  ! 

Aluminum 

4.2  (2?) 

-o.5i 

Lead 

4.0  (25) 

-0.71 

Copper 

4.6  (27) 

-0.11 
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Platinum: 

The  results  of  the  polarization  capacity  and  surface  area  of 
platinum  are  given  in  Table  II.  An  enlargement  of  a polariza- 
tion curve  of  a platinum  electrode  is  given  in  Figure  3a.  The 
average  capacity  of  6 platinum  electrodes  was  found  to  be 
20.1  pF/cm.2  Robertson2H  found  a value  of  19-  1 pF/cm.2  for 
the  capacity  of  the  electrical  double  layer  at  a smooth  plati- 
num electrode  at  the  electrocapillary  maximum  in  1 N HCL. 

The  results  are  of  the  same  order  of  magnitude  as  those  of 
Ershler  and  Proskurnin29  who  found  25  pF/cm.2  and  Dolin  and 
Ershler30  who  found  30  pF/cm.2.  Since  their  exact  surface  area 
is  in  doubt,  the  present  value,  along  with  the  value  found  by 
Robertson,  is  considered  to  be  nearer  the  true  value  for  the 
capacity  of  the  electrical  double  layer  on  platinum  when  cations 
are  in  the  Stern  layer. 

Robertson  found  that  the  electrocapillary  maximum  for  platinum 
is  about  1.3  volts,  The  experimental  capacity  found  in  the 
present  work  would  pertain  to  a system  of  the  cathodic  side 
of  the  electrocapillary  maximum  for  platinum.  The  difference 
between  the  electrocapillary  maximum  of  mercury  and  platinum 
is  approximately  1.8  volts,  which  corresponds  to  the  contact 
potential  difference  of  platinum  and  mercury21*.  The  work 
functions  of  mercury  and  platinum  may  be  taken  as  4.50  and  6.30 
electron  volts  respectively. 

The  potentials  of  the  electrodes  used  in  the  present  work  is 
not  accurately  known  but  was  about  0.4  volts.  This  would  be 
on  the  cathodic  side  of  the  electrocapillary  maximum,  where 
the  capacity  should  be  approximately  20  uF/cm.2  in  the  absence 
of  specific  adsorption^*.  The  capacity  of  a platinum  electrode 
as  reported  by  Robertson  at  a similar  potential  is  22  pF/cm.2. 
The  potential  of  the  electrode  is  sufficiently  negative  to  the 
electrocapillary  maximum  to  prohibit  any  specific  adsorption 
of  anions  on  platinum.  As  a result,  the  capacity  of  a plati- 
num electrode  should  be  free  of  influence  of  anions. 

It  should  be  noted  that  there  is  no  definite  trend  in  the 
capacity  per  square  centimeter  and  the  total  surface  area  of 
the  electrode.  The  capacity  then  is  a measure  of  the  extent 
of  the  surface  of  the  electrode.  The  roughness  factor  (the 
true  area  divided  by  the  apparent  area)  of  the  platinum  elec- 
trode varied  from  3,900  to  20,000, 
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TABLE  II 


PLATINUM  ELECTRODES 

The  surface  area  of  each  electrode  is  measured. 


Electrode 

Surface  Area  by  Kr 
Adsorption,  cm.2 

Capacity  in  pF 
by  Polarization 

Capacity  in 
pF  per  cm. 2 

1 

56.7 

1210 

21.4 

2 

271 

5900 

21.8 

1 

3 

615 

10600 

17.3 

4 

407 

8750 

21.5 

5 

80.3 

1460 

18.2  i 

6 

23.9 

494 

20.7 

Average  20.1  £ 0.7 
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Nickel: 


The  results  for  nickel  electrodes  are  given  in  Table  III.  A 
typical  polarization  curve  for  nickel  is  found  in  Figure  3b. 

The  average  value  for  the  capacity  of  the  electrical  double 
layer  at  7 nickel  electrodes  was  28.8  pF/cm.2.  The  potential 
of  the  nickel  electrode  was  about  -0.1  volts.  This  capacity 
compares  with  values  reported  by  Bockris  31  of  28  pF/cm.2  in 
0.01  N HCL,  37  pF/cm.2  in  0.1  N HCL,  4l  pF/cm.2  in  1 N HCL, 

22  pF/cm.2  in  0.006  N NaOH,  and  27  pF/cm.2  in  0.12  N NaOH. 

Rakov  and  Borisova32  reported  22  to  27  pF/cm.2  in  1 N NaOH. 

Values  of  the  work  function  of  nickel  in  the  literature  vary 
from  4.1  to  5.0  electron  volts.  The  value  of  4.6  electron 
volts  will  be  taken  as  the  value  most  nearly  correct.  It  was 
selected  by  Bockris  as  a representative  value  on  a clean  nic- 
kel surface.  The  electrocapillary  maximum  calculated  from 
this  value  and  the  work  function  of  mercury  (4.5  electron  volts) 
is  -0.11  volts.  The  potential  of  the  nickel  electrodes,  then, 
is  near  the  electrocapillary  maximum.  If  a graph  of  the  capa- 
city vs  potential  for  mercury4  can  be  applied  to  nickel  (as- 
suming no  specific  adsorption  of  sulfate  ions  on  nickel),  the 
capacity  of  a ncikel  electrode  should  be  about  2 7 pF/cm.2. 

This  value  and  the  experimental  value  of  28.8  pF/cm.2  are  in 
substantial  agreement. 

It  may  noted  that  there  is  no  trend  in  the  capacity  as  the 
total  area  of  an  electrode  is  changed.  This  indicates  that 
the  capacity  may  be  used  to  estimate  the  surface  area  of  an 
electrode.  The  roughness  factor  of  the  nickel  electrodes 
varied  from  80  to  175. 


Chromium: 

The  results  for  the  capacity  of  the  electrical  double  layer 
at  chromium  electrodes  are  given  in  Table  IV.  h picture  of 
a polarization  curve  of  a chromium  electrode  is  found  in  Fig- 
ure 3c.  The  average  value  for  the  capacity  of  6 chromium  elec- 
trode was  9.65  pF/cm. 2,  The  potential  of  the  electrodes  was 
about  -0.2  volts.  The  experimental  value  of  9.65  pF/cm.2  may 
be  compared  to  the  value  of  10  pF/cm.2  found  for  chromium  elec- 
trodes by  Powers  33,  However,  the  capacity  expected  from  a 
consideration  of  the  work  function  and  the  capacity  of  mercury 
electrodes  is  about  39  pF/cm.2. 

The  surface  of  a chromium  plate  is  full  of  cracks  and  is  quite 
porous.  The  cracks  are  extremely  small  and  extend  into  the 
metal.  The  outer  surface  projections  would  tend  to  shield 
these  cracks  and  pores  from  an  electrochemical  polarization 
reaction.  Therefore,  only  a fraction  of  the  total  surface  as 
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TABLE  III 


NICKEL  ELECTRODES 

The  surface  area  of  each  electrode  is  measured. 


Electrode 

Surface  area  by  Kr 
Adsorption,  cm. 2 

Capacity  in  pF 
by  Polarization 

1 

119 

3350 

2 

134 

3670 

3 

183 

5400 

4 

118 

2985 

5 

63.4 

1930 

6 

100 

3035 

7 

139 

4075 

Capacity  in 

jxF/cm.2 

28.0 

27. 4 
29.*+ 

26.4 

30.5 
30.4 
29.3 


Average 


28.8  t 0.5 


seen  by  gas  adsorption  would  be  expected  to  participate  in  a 
build  up  of  the  electrical  double  layer.  The  capacity  of  a 
chromium  electrode  would  Dredict  a surface  area  less  than  the 
true  surface  area  of  the  electrode.  It  may  be  noted  that  the 
electrodes  with  the  larger  gas  adsorption  area  (thicker  and 
more  cracks  and  pores)  had  the  lower  capacity  per  square  centi 
meter . 

Uhlig  34  USed  Wagner’s  method  in  an  attempt  to  predict  the 
surface  area  of  chromium  electrodes.  He  assumed  that  the  capa 
city  of  chromium  was  the  same  as  the  capacity  of  a smooth  mer- 
cury surface.  He  found  that  the  roughness  factor  from  polari- 
zation was  about  35.  When  he  measured  the  same  chromium  by 
ethane  adsorption,  the  roughness  factor  was  90.  He  then  con- 
cluded that  the  polarization  method  did  not  give  the  true  sur- 
face area,  and  that  such  measurements  were  useless.  As  was 
pointed  out  previously,  the  outer  surface  projections  shield 
the  surface  in  the  cracks  and  pores  from  an  electrochemical 
polarization.  The  surface  area  calculated  from  the  polariza- 
tion capacity  would  be  less  than  the  area  as  seen  by  gas  ad- 
sorption, but  would  indicate  the  area  of  the  electrode  that 
was  available  for  an  electrochemical  reaction.  If  the  surface 
area  is  calculated  from  the  value  of  the  capacity  found  in 
this  work,  the  surface  area  by  gas  adsorption  and  the  surface 
area  by  polarization  should  agree  within  the  limits  of  the  ex- 
perimental error. 


TaBLE  IV 

CHROMIUM  ELECTRODES 


The  surface  area  of  each  electrode  is  measured. 


Electrode 

Surface  Area  by  Kr 
Adsorption,  cm. 2 

Capacity  in  pF 
by  Polarization 

Capacity 

pF/cm.' 

1 

128 

1390 

10.9 

2 

36 

412 

11.1 

3 

56 

640 

11.5 

4 

116 

1450 

8.8 

5 

275 

2150 

7.8 

6 

22? 

1750 

7.8 

Average 

9.7  t 0.6 
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Iron: 


The  results  for  the  capacity  measurements  on  iron  electrodes 
are  given  in  Table  V.  The  potential  of  the  electrodes  was 
about  -0.5  volts.  A typical  polarization  curve  is  shown  in 
Figure  3d.  The  average  capacity  of  the  electrical  double  layer 
at  7 iron  electrodes  was  35.9  pF/cm.2. 

The  work  function  of  iron  is  4.4  electron  volts  26t  if  this 
is  compared  to  the  work  function  of  mercury  (4.5  electron 
volts),  the  potential  of  the  electrocapillary  maximum  of  iron 
is  -0.31  volts.  The  iron  electrode,  therefore,  would  be  on 
the  cathodic  side  of  the  Slectrocapillary  maximum  (cations  in 
the  Stern  layer).  In  the  absence  of  specific  adsorption  of 
sulfate  ions  the  capacity,  of  a mercury  surface  at  the  same 
potential  is  23  pF/cm.2.  4 The  capacity  of  a mercury  surface 
at  which  there  is  specific  adsorption  is  about  40  pF/cm. 

It  has  been  shown  in  this  laboratory35  that  sulfate  ions  ad- 
sorb irreversibly  on  iron.  Thus,  it  is  possible  that  sulfate 
ions  adsorbed  specifically  on  the  iron  electrode  at  the  po- 
tential observed  and  caused  the  observed  capacity  to  be  higher 
than  would  be  predicted  in  the  absence  of  specific  adsorption. 

It  should  be  noted  that  the  capacity  of  the  electrical  double 
layer  at  iron  electrodes  shows  no  definite  trend  in  capacity 
as  the  surface  area  changes.  The  capacity  of  the  iron  elec- 
trodes may  be  used  to  determine  the  extent  of  the  surface. 

The  roughness  factor  of  the  iron  electrodes  was  9.3. 


table  v 

IRON  ELECTRODES 

The  surface  area  was  measured  on  6 meters  of  wire.  The  sur- 
face area  of  each  electrode  is  a proportionate  part  of  the 
total  area. 


Surface  Area  by  Kr 

Capacity  in  pF 

Capacity  in 

Electrode 

Adsorption,  cm. 2 

by  Polarization 

pF/cm.2 

1 

23.1 

785 

34.0 

2 

20.2 

795 

39.4 

3 

17.9 

575 

37.9 

4 

16.7 

525 

31.4 

5 

14,6 

510 

35.0 

6 

10.7 

392 

37.6 

7 

10,2 

369 

36.2 

Average 

35.9  t 0.8 
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Tantalum: 

The  results  for  the  tantalum  electrodes  are  given  in  Table  VI, 

A typical  polarization  curve  of  a tantalum  electrode  is  found 
in  Figure  3e . The  average  capacity  of  the  electrical  double 
layer  at  9 tantalum  electrodes  was  4.59  pF/cm.^.  The  poten- 
tial of  the  tantalum  electrodes  was  about  0.1  volts.  The  capa- 
city expected  from  a consideration  of  the  work  functions  of 
mercury  and  tantalum  is  about  40  pF/cm.2. 

The  low  value  of  the  capacity  is  thought  to  be  due  to  the  oxide 
film  present  on  the  tantalum  electrodes  that  were  used.  A 
simular  low  value  of  7 pF/cm.2  for  an  oxide  film  on  the  surface 
of  an  electrode  was  found  by  Er shier  32 # The  presence  of  the 
oxide  film  on  the  surface  lowers  the  charge  on  the  surface  of 
the  electrode.  This  produces  an  increase  in  the  thickness  of 
the  electrical  double  layer,  and  as  a result,  decreases  the 
capacity.  The  lower  capacity  may  also  by  thought  of  as  an  in- 
crease in  the  distance  between  the  plates  of  the  condenser 
formed  between  the  electrode  and  the  solution. 

It  should  be  noted  that  the  results,  while  low,  are  consistent, 
and  may  be  used  to  determine  the  extent  of  the  surface  of 
tantalum  electrodes.  The  roughness  factor  of  the  tantalum 
electrodes  was  3.3. 

table  vi 

TANTALUM  ELECTRODES 

The  surface  area  was  measured  on  6 meters  of  wire.  The  sur- 
face area  of  each  electrode  is  a proportionate  part  of  the 
total  area. 


Electrode 

1 

2 

3 

4 

5 

6 

7 

8 

9 


Average  4.59  - 0.11 


Surface  Area  by  Kr 

Capacity  in  pF 

Capacity^ 

Adsorption,  cm. 2 

by  Polarization 

pF/cm. ‘ 

3.58 

15.4 

4.23 

4.08 

20.5 

5.26 

4.52 

21.2 

4.76 

5.30 

27.5 

5.40 

6.25 

2 7.7 

4.47 

7.64 

33.0 

4.36 

8.86 

37.7 

4.23 

9.95 

43.1 

4.38 

10.1 

45.7 

4.18 

15 


Figure  3 


a.  ) a 

b. )  a 

C. ) A 

d. )  a 

e. )  A 


Typical  Polarization  Curve  of  Platinum. 
Typical  Polarization  Curve  of  Nickel 
Typical  Polarization  Curve  of  Chromium 
Typical  Polarization  Curve  of  Iron 
Typical  Polarization  Curve  of  Tantalum 


iiluminum: 


The  values  of  the  capacity  of  the  electrical  double  layer  of 
aluminum  are  given  in  Table  VII.  A typical  polarization  pat- 
tern of  the  oxide  coated  and  the  cathoidcally  cleaned  alumi- 
num are  shown  in  Figures  4a  and  4b  respectively.  The  poten- 
tial of  the  aluminum  electrodes  was  about  -1,0  volts.  The 
measurement  of  the  capacity  on  the  cathodically  cleaned  alumi- 
num electrodes  was  made  at  1000  c.p.s. 

The  value  of  the  work  function  of  aluminurfi  is  4,20  electron 
volts. 2?  When  this  value  is  compared  to  the  work  function  of 
mercury,  there  is  a difference  of  0.30  volts.  This  difference 
in  work  functions  would  lead  to  a value  of  -0.51  volts  for  the 
electrocapillary  maximum  for  aluminum.  The  potential  of  the 
aluminum  electrode  was  on  the  cathodic  side  of  the  electro- 
capillary maximum  that  was  calculated,  a capacity  of  20  pF/cm, 
may  be  expected. ^ In  the  case  of  the  cathodically  cleaned 
electrodes  the  average  capacity  was  20.2  pF/cm0^„  The  oxide 
coated  electrodes  had  an  average  capacity  of  287  pF/crru^, 

It  is  possible  that  oxygen  is  dissolved  in  the  oxide  coating 
on  aluminum.  This  oxygen,  as  well  as  the  oxide,  may  be  re- 
duced at  the  potential  of  the  electrode  and  cause  a pseudo- 
capacity. That  is,  some  of  the  current  passed  may  go  into  a 
reaction  as  well  as  into  charging  the  electrical  double  layer. 
Therefore,  a higher  value  of  the  current  is  observed  than  is 
needed  to  charge  the  electrical  double  layer.  As  calculated 
here,  this  results  in  a higher  numerical  value  for  the  capa- 
city. 

The  higher  frequency  measurement  of  the  cathodically  cleaned 
electrodes  indicates  that  another  reaction  may  occur  at  the 
electrode,  but  slowly,  ao  that  at  the  high  frequency  the  ra- 
pid oscillations  of  the  current  prevent  the  reaction  from  oc- 
curring to  any  appreciable  extent.  Bockris36  observed  a singu- 
lar frequence  effect  in  the  dissolution  of  copper  in  a cyanide 
bath.  At  low  frequency  (16  c.p.s.)  the  copper  dissolves 
freely,  while  at  higher  frequency  (1000  c.p.s.)  the  copper  did 
not  dissolve.  Bockris  interpreted  this  to  indicate  that  the 
formation  of  the  cyanide  complex  was  complete  at  low  fre- 
quency so  that  the  cathodic  pulse  could  not  deposit  the  cop- 
per ions  formed  in  the  anodic  current  pulse.  At  the  higher 
frequency,  the  complex  did  not  have  a chance  to  form  and  the 
copper  dissolved  during  the  anodic  pulse  was  deposited  in  the 
succeeding  cathodic  pulse. 

Applying  similar  reasoning  to  the  case  of  aluminum,  traces  of 
oxygen  present  in  the  solution  and  the  oxide  would  be  reduced 
on  the  cathodic  pulse  and  oxidized  in  the  following  anodic 
pulses.  At  the  high  frequency,  the  rate  of  the  reduction  of 
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the  oxygen  would  be  so  slow  that  reduction  did  not  occur,  so 
that  the  following  anodic  pulse  did  not  have  any  specie  to 
oxidize.  Hence,  all  of  the  current  went  into  charging  the 
electrical  double  layer.  The  use  of  the  capacity  as  a func- 
tion of  frequency  to  determine  reaction  rates  has  been  recen- 
tly reviewed  by  Delahay37, 

It  should  be  noted  that  there  is  no  definite  trend  in  the  capa- 
city as  the  surface  ar^a  of  the  aluminum  electrode  changes. 

The  capacity  of  an  aluminum  electrode  may  be  used  to  estimate 
the  extent  of  the  surface  of  the  electrode.  The  roughness 
factor  of  the  aluminum  electrodes  was  1,9. 


TABLE  VII 

aluminum  electrodes 


The  surface  area  was  measured  on  20  meters  of  wire.  The  sur- 
face area  of  each  electrode  is  a proportionate  part  of  the 
total  area. 


Aluminum,  Oxide  Coated 


Electrode 

Surface  Area  by  Kr 
Adsorption,  cm.2 

Capacity-  in  |iF 
by  Polarization 

Capacit: 

HF/cm 

1 

3,18 

995 

318 

2 

3.96 

1270 

313 

3 

4.78 

1210 

254 

4 

4.07 

1220 

300 

5 

4.92 

1320 

270 

6 

5.78 

1450 

252 

7 

6.83 

1870 

274 

8 

6.92 

1980 

286 

9 

7.92 

2520 

318 

10 

8.97 

2460 

288 

Average  28?  ± 6.4 


Aluminum,  Cleaned  Cathodically  (1000  c.p.s.) 


1 

9.0 

196 

21.7 

2 

8.32 

176 

21.2 

3 

7.1 

167 

23.5 

4 

6.45 

119 

18.3 

5 

5.35 

96.5 

18.1 

6 

3.88 

79.9 

20.6 

7 

5.12 

92.7 

18.2 

Average 

20.2  t O.i 
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Copper : 


The  values  of  the  capacity  of  the  electrical  double  layer  at 
copper  electrodes  are  given  in  Table  VIII.  A typical  polari- 
zation curve  for  copper  is  given  in  Figure  4c.  The  average 
value  of  the  capacity  of  the  copper  electrodes  was  found  to 
be  32.9  pF/cm.2.  This  may  be  compared  to  a value  of  32  piF/cm.2 
found  by  Bockris  3“.  Winkler39  found  a capacity  of  23  pF/cm.2 
for  cathodic  charging  of  copper. 

The  work  function  of  copper  is  4.61  electron  volts. ^ The 
difference  between  the  work  function  of  mercury  and  copper  is 
0.11  volts.  If  these  values  are  correct,  the  electrocapillary 
maximum  for  copper  is  -0.11  volts.  The  potential  of  the  cop- 
per electrodes  was  found  to  be  about  0.1  volts.  The  copper 
electrodes  used  in  this  work,  then,  are  on  the  anodic  side  of 
the  electrocapillary  maximum  and  would  have  a capacity  of 
about  30  pF/cm.2  according  to  the  capacity  curves  of  mercury. 
The  results  of  Bockris  were  also  obtained  on  the  anodic  side 
of  the  electrocapillary  maximum.  Winkler  forced  the  copper 
electrodes  from  oxygen  to  hydrogen  evolution,  therefore,  his 
results  indicate  only  the  capacity  on  the  cathodic  side  of  the 
electrocapillary  maximum. 

It  may  be  noted  that  the  capacity  of  the  copper  electrodes  is 
fairly  constant  over  the  range  of  surface  areas  studied.  The 
roughness  factor  of  the  copper  electrodes  was  1.5. 

TABLE  VIII 
COPPER  ELECTRODES 

The  surface  area  was  measured  on  6 meters  of  wire.  The  sur- 
face area  of  each  electrode  is  a proportionate  part  of  the 
total  area. 


Surface  Area  by  Kr 

Capacity  in  jiF 

Capacity  : 

Electrode 

Adsorption,  cm. 2 

by  Polarization 

pF/crn.2 

1 

4.54 

125 

28.5 

2 

5.0 

155 

31.0 

3 

5.12 

159 

31.1 

4 

5.6 

195 

34.8 

5 

6. 59 

243 

36.9 

6 

6.8 

246 

36.2 

7 

7.57 

265 

35.0 

8 

8.3 

240 

28.9 

9 

9.1 

315 

34.6 

10 

10.7 

344 

32.2 

Average 

32.9  t 0.8 
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Lead : 


The  values  of  the  capacity  of  the  lead  electrodes  are  given 
in  Table  IX.  a typical  polarization  curve  for  lead  is  given 
in  Figure  4d.  The  average  capacity  of  the  electrical  double 
layer  on  a lead  electrode  at  a potential  of  about  -0.35  volts 
was  52.6  pF/cm.2. 

The  work  function  of  lead  is  3.95  electron  volts. ^5  if  this 
is  compared  to  the  work  function  of  mercury  (4,5  electron 
volts)  the  electrocapillary  maximum  of  lead  should  be  -0.76 
volts.  The  value  determined  experimentally  by  Frumkin23  is 
-0.70  volts.  The  electrodes  used  in  this  work  are  on  the  ano- 
dic side  of  the  electrocapillary  maximum.  The  capacity  of  a 
mercury  surface  under  the  same  conditions  and  in  the  absence 
of  specific  adsorption  of  ions  is  about  45  pF/cm.2a  The  capa- 
city is  from  45  to  70  pF/cm.2.  Since  the  potential  of  the 
lead  electrodes  is  not  accurately  known,  the  agreement  with 
the  predicted  capacity  value  is  not  too  bad.  The  high  capa- 
city value  indicates  that  sulfate  ions  may  adsorb  on  the  sur- 
face of  a lead  electrode. 

The  roughness  factor  of  the  lead  electrodes  was  5.6. 


TABLE  IX 


LEAD  ELECTRODES 


The  surface  area  was  measured  on  6 meters  of  wire.  The  sur- 
face ar'-a  of  each  electrode  is  a proportionate  part  of  the 
total  area. 


Surface  Area  by  Kr 
Electrode  Adsorption,  cm.2 


Capacity  in  pF  Capacity  in 
by  Polarization  pF/cm.^ 


1 

14.1 

6.90 

47.7 

2 

12.3 

650 

52.7 

3 

9.81 

527 

62.1 

4 

8.3 

460 

55.4 

5 

6.54 

326 

50.0 

6 

4.65 

221 

47.5 

Average 

52.6  1 1.7 
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a. ) 


b.) 


c.  ) 

d. ) 


A Typical  Polarization 
Aluminum. 

A Typical  Polarization 
Cleaned  Aluminum  (1000 
A Typical  Polarization 
A Typical  Polarization 


Curve  of  Oxide  Coated 

Curve  of  Cathodically 
c.p.s. ) 

Curve  of  Copper. 

Curve  of  Lead. 


CONCLUSION 


The  values  of  the  capacity  of  the  electrodes  indicate  that 
this  quantity  is  a measure  of  the  extent  of  the  surface  of  an 
electrode.  If  the  value  of  the  capacity  per  square  centime- 
ter of  surface  is  known,  the  surface  area  of  an  electrode  may 
be  calculated  from  the  total  capacity  found  by  experiment. 

The  measurement  of  the  capacity  is  fast,  relatively  accurate, 
and  easily  and  quickly  done.  The  area  obtained  from  this  mea- 
surement is  a measure  of  the  surface  available  to  an  electro- 
chemical reaction.  The  measurement  of  the  surface  area  by  gas 
adsorption  is  slow  and  tedious.  The  area  found  is  not  neces- 
sarily the  area  available  to  an  electrochemical  reaction. 

Thus,  a knowledge  of  the  capacity  of  an  electrode  is  very  help- 
ful to  an  electrochemist.  The  experimental  values  found  for 
the  capacity  of  the  electrical  double  layer  in  pF  per  square 
centimeter  under  the  conditions  specified,  are:  platinum  20.1, 
nickel  28.8,  chromium  9.65,  iron  35.9,  aluminum  20.2,  tantalum 
4.59,  copper  32.9,  and  lead  52.6. 

The  capacity  of  an  electrode  as  a function  of  frequency  can 
be  used  to  determine  the  rate  of  reaction  at  an  electrode. 

It  was  suggested  that  the  rate  of  reduction  of  oxygen  at  an 
aluminum  electrode  is  too  slow  to  occur  in  10“3  seconds  but 
could  occur  in  0.25  seconds. 

The  relationship  of  the  work  function  to  the  position  of  the, 
electrocapillary  maximum  of  a metal,  first  noted  by  Frumkin^, 
and  the  electrocapillary  behavior  of  mercuryl°  was  used  here 
to  predict  successfully  the  capacity  of  various  electrodes 
immersed  in  a solution. 
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APPENDIX  I 


Capacity  of  an  Iron  Electrode. 

In  figure  3d  Is  shown  a picture  of  a trace  as  obser- 
ved on  the  oscilloscope.  There  are  two  measurements  on  this 
photo,  one  of  the  polarization  of  the  electrode  (on  scale  1) 
and  one  of  the  square  wave  current  used  in  the  polarization ( on 
scale  100).  The  frequency  is  2 c.p.s.  and  the  resistor  had  a 
value  of  10,000  ohins.  The  capacity  of  the  electrode  may  be 
found  from  the  equation 


C = iCdt/dV)  (2) 

where  C is  the  capacity,  i is  the  current,  dt  is  the  change  in 
the  time  needed  to  cause  a change  in  the  voltage  dV. 

From  the  photo  the  following  information  is  noted:  the 
slope  near  the  end  of  the  polarization  curve  has  a rise  of  6.7 
divisions  per  20  divisions  on  the  time  axis,  one  half  cycle 
(0.25  seconds)  corresponds  to  18.5  divisions  on  the  time  axis 
and  the  current  is  3.9  divisions.  This  value  of  the  current 
is  twice  the  actual  value. 

The  following  values  are  substituted  in  equation  2. 

dV  = 6.7 

dt  = 0.25x(20/l8.5) 
i = 3.9/2 

It  is  necessary  to  multiply  the  capacity  by  100  to  obtain  the 
current  in  microamps,  so  that  the  capacity  found  is  in  micro- 
farads. It  is  also  necessary  to  multiply  by  100  to  allow  for 
the  change  in  scale  from  the  polarization  to  the  current  mea- 
surement. The  capacity  is 

C * 0.25(20/18. 5)x(3. 9/6. 7)  X 100  xlOO  x (1.2) 

= 785/cF 


23 


DISTRIBUTION  LIST  FOR  TECHNICAL  REPORTS 
Contract  Nonr-375(02) 

Corrosion  Research  Laboratory 


Director,  Naval  Research  Laboratory 
Washington  25,  D.  C. 

Attn:  Code  2500,  Metallurgy  Division 
Code  2020,  Technical  Library 

Bureau  of  Aeronautics 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  N.  E.  Promisel,  AE-41  (2) 

Technical  Library,  TD-41 

Commanding  Officer 
Naval  Air  Materiel  Center 
Naval  Base  Station 
Philadelphia,  Pennsylvania 
Attn:  Aeronautical  Materials  Lab. 

Bureau  of  Ordnance 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  Re  Technical  Library,  AD3  (3) 

Superintendent,  Naval  Gun  Factory 
Washington  25,  D.  C. 

Attn:  Metallurgical  Lab.  , DE713 

Commanding  Officer 

U.  S.  Naval  Ordnance  Laboratory 

White  Oak,  Maryland 

Commanding  Officer 

U.  S.  Naval  Ordnance  Test  Station 

Inyokern,  California 

Bureau  of  Ships 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  Code  343  (2) 

Code  337L,  Tech.  Library(l) 

Code  347  {1) 

Wright  Air  Development  Center 
Vright-Patterson  Air  Force  Base,  Ohio 
jUtu:  Materials  Laboratory  (1) 

Flight  Research  Laboratory  (1) 
(J.  B.  Johnson) 


Bureau  of  Yards  and  Docks 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  Research  and  Standards  Division 

Post  Graduate  School 
U.  S.  Naval  Academy 
Monterey,  California 
Attn:  Department  of  Metallurgy 

Office  of  the  Chief  of  Ordnance 
Research  and  Development  Service 
Department  of  the  Army 
Washington  25,  D.  C. 

Attn:  ORDTB  (3) 

Commanding  Officer 
Watertown  Arsenal 
Watertown,  Massachusetts 
Attn:  Laboratory  Division 

Commanding  Officer 
Frankford  Arsenal 
Frankford,  Pennsylvania 
Attn:  Laboratory  Division 

Office  of  the  Chief  of  Engineers 
Department  of  the  Army 
Washington  25,  D.  C. 

Attn:  Research  & Development  Branch 
U.  S.  Air  Forces 

Research  and  Development  Division 
The  Pentagon 
Washington  25,  D.  C. 

Chief  of  Staff,  U.  S.  Army 
The  Pentagon 
Washington  25,  D.  C. 

Attn:  Director  of  Research  and 
Development 

U.  S.  Naval  Engineering  Experiment 
Station 

Annapolis,  Maryland 
Attn:  Metals  bc-ratory 


2 


Director,  Materials  Laboratory 
Building  291 

New  York  Naval  Shipyard 
Brooklyn  1,  New  York 
Attn:  Code  907 

Chief  of  Naval  Research 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  Code  423  (2) 

Director 

Office  of  Naval  Research 
Branch  Office 
346  Broadway 
New  York  13,  New  York 

Director 

Office  of  Naval  Research 

Branch  Office 

844  North  Rush  Street 

Chicago  11,  Illinois  (2) 

Director 

Office  of  Naval  Research 
Branch  Office 
j </',0  Geary  Street 
San  Francisco  9,  California 

Director 

Office  of  Naval  Research 
Branch  Office 
1030  East  Green  Street 
Pasadena  1,  California 

Assistant  Naval  Attache  for  Research 
Office  of  Naval  Research 
Branch  Office 
Navy  100 

c/o  Fleet  Post  Office 

New  York,  New  York  (2) 

Carbide  and  Carbon  Chemicals  Division 
.•'i  -'nt  Records  Department 
C.  *ntral  Files  (K-25) 
rnf.t  Office  Box  P 

Ridge,  Tennessee 

i „»'.■»  r.nd  Carbon  Chemicals  Division 

0 r.spo ri.c  and  Information 
li'fice  \Y  - 1 2/ 

1 f it  Office  Box  P 
Oak  Ridge,  Tennessee 


Director 

Naval  Research  Laboratory 
Washington  25,  D.  C. 

Attn:  Technical  Information  Center  (6) 

Commanding  Officer 
Office  of  Ordnance  Research 
Duke  University 
Durham,  North  Carolina 
Attn:  Metallurgy  Division 

Atomic  Energy  Commission 
Division  of  Research 
Metallurgical  Branch 
Washington  25,  D.  C. 

National  Bureau  of  Standards 
Washington  25,  D.  C. 

Attn:  Physical  Metallurgy  Division 

National  Advisory  Committee 
for  Aeronautics 
1724  F.  Street,  N.  W. 

Washington  25,  D.  C. 

Research  & Development  Board 
The  Pentagon 
Washington  25,  D.  C. 

Attn:  N.  C.  Fick 

Argonne  National  Laboratory 
P.  O.  Box  5207 
Chicago  80,  Illinois 
Attn:  Dr.  Hoylande  D.  Young 

U.  S.  Atomic  Energy  Commission 
1901  Constitution  Avenue,  N.  W. 
Washington  25,  D.  C. 

Attn:  B.  M.  Fry 

Brookhaven  PVt-ion.-.!  Laboratory 

Information  u:  i Publication  Division 

Documents  a 

Upton,  New  3 oi  k 

Attn:  Miss  Mary  E.  Waisman 

Armed  Serv-'ces  Ttch).ical  Information 

Ag-'.:.w;y 

Documents  a :.  v;  c o Center 
Knott  Buildi.oj 

Dayton  2,  Ohio  (5) 


3 


General  Electric  Company 
Technical  Services  Division 
Technical  Information  Group 
Post  Office  Box  100 
Richland,  Washington 
Attn:  Miss  M.  G.  Freidank 

Iowa  State  College 
Post  Office  Box  14A,  Station  A 
Ames,  Iowa 

Attn:  Dr.  F.  H.  Spedding 

Knolls  Atomic  Power  Laboratory 
Post  Office  Box  1072 
Schenectady,  New  York 
Attn:  Document  Librarian 

Los  Alamos  Scientific  Laboratory 
Post  Office  Box  1633 
Los  Alamos,  New  Mexico 
Attn:  Document  Custodian 

U.  S.  Atomic  Energy  Commission 
New  York  Operations  Office 
Post  Office  Box  30,  Ansonia  Station 
New  York  23,  New  York 
Attn:  Division  of  Tech  Information 
and  Declassification  Service 

Oak  Ridge  National  Laboratory 
Post  Office  Box  P 
Oak  Ridge,  Tennessee 
Attn:  Central  Files 

Saudi  a.  Corporation 
Saudi  a Base 

Classified  Document  Division 
Albuquerque,  New  Mexico 
Attn:  Mr.  Dale  M.  Evans 

H.  S.  Atomic  Energy  Commission 
Library  Branch,  Technical  Information 
Service,  ORE 
Post  Office  Box  E 
Oak  Ridge,  Tennessee 

' J .stingbouse  Electric  Corporation 
n-iomic  Power  Division 
J-r  rst  Office  Box  1468 
Pittsburgh  30,  Pennsylvania 
Attn:  Librarian 


University  of  California 
Radiation  Laboratory 
Information  Division 
Room  128,  Building  50 
Berkeley,  California 
Attn:  Dr.  R.  K.  Wakerling 

Professor  R.  F.  Mehl 
Metals  Research  Laboratory 
Carnegie  Institute  of  Technology 
Pittsburgh,  Pennsylvania 

Massachusetts  Institute  of  Technology 
Department  of  Metallurgy 
Cambridge  39,  Massachusetts 
Attn:  Prof.  H.  rj.  Uhlig 

Professor  P.  Van  Rysselberghe 
University  of  Oregon 
Eugene,  Oregon 

Professor  A.  T.  Gwathmey 
University  of  Virginia 
Department  of  Chemistry 
Charlottesville,  Virginia 

Professor  P.  Deiahay 
Louisiana  State  University 
Baton  Rouge,  Louisiana 

Professor  W.  D.  Pvobertson 
Department  of  Metallurgy 
Yale  University 
New  Haven,  Connecticut 

Professor  H.  J.  Yearian 
Physics  Department 
Purdue  University 
Lafayette,  Indiana 

Office  of  Nava!  Rerearch 
Navy  Depa.i  £_“•  en*' 

Washington  p.  C. 

Attn:  Chemii.tr/  Branch,  Code  425 

Deterioration  Prevention  Center 
2101  Con  r tit  alien  A’/enue 
W ashing'. a n , !?'• . . 

Attn:  D.  G.  Greathouse 

Professor  Carl  Rcrgrr,ann 
University  of  Nebraska 
Lincoln,  Nebraska 


4 


Professor  G.  Hill 
University  of  Utah 
Salt  Lake  City,  Utah 

Professor  M.  G.  Fontana 
Department  of  Metallurgy 
Ohio  State  University 
Columbus,  Ohio 

Mr.  F.  L.  LaQue 
International  Nickel  Company 
67  Wall  Street 
New  York,  New  York 

Rock  Island  Arsenal 
Rock  Island,  Illinois 
Attn:  H.  L.  Faigen 

Office  of  Technical  Services 
Department  of  Commerce 
Washington  28,  D.  C. 


Professor  F.  O.  Rice 
Catholic  University 
Washington,  D.  C. 

Attn:  Contract  NOrd-10260 

Professor  E.  R.  Allen 
Department  of  Chemistry 
Rutgers  University 
New  Brunswick,  New  Jersey 

Professor  D.  C.  Grahame 
Amherst  University 
Amherst,  Massachusetts 

Professor  A.  C.  Zettlemoyer 
Lehigh  University 
Bethlehem,  Pennsylvania 

Dr.  Carl  A.  Zap f?e 
6410  Murray  Hill  Road 
Baltimore,  Maryland 


